Abstract: Photocurrent generation in low-temperature-grown GaAs (LT-GaAs) has been significantly improved by growing a thin AlAs isolation layer between the LT-GaAs layer and semi-insulating (SI)-GaAs substrate. The AlAs layer allows greater arsenic incorporation into the LT-GaAs layer, prevents current diffusion into the GaAs substrate, and provides optical back-reflection that enhances below bandgap terahertz generation. Our plasmonenhanced LT-GaAs/AlAs photoconductive antennas provide 4.5 THz bandwidth and 75 dB signal-to-noise ratio (SNR) under 50 mW of 1570 nm excitation, whereas the structure without the AlAs layer gives 3 THz bandwidth, 65 dB SNR for the same conditions. , 1790-1792 (1994). 43. C. Baker, I. S. Gregory, W. R. Tribe, I. V. Bradley, M. J. Evans, E. H. Linfield, and M. Missous, "Highly resistive annealed low-temperature-grown InGaAs with sub-500 fs carrier lifetimes," Appl. Phys. Lett. 85(21), 4965-4967 (2004).
Introduction
Terahertz (0.3 -10 THz) systems have received a great deal of attention for applications in spectroscopy [1] [2] [3] [4] [5] [6] [7] [8] , imaging [5, [9] [10] [11] [12] [13] [14] , medicine [9, [15] [16] [17] [18] , material characterization [1, 9, [19] [20] [21] , security [22, 23] , and communication [24] . These applications require a compact, low cost and portable terahertz (THz) system to operate outside the laboratory environment, which is the goal of many recent works [25] [26] [27] . Among them, there is a growing interest in using photoconductive antennas (PCAs) as the most common approach for THz wave generation [28] [29] [30] and recent developments have been focused on PCAs operating in the telecom wavelength window [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] where low-cost high-power fiber-based components are available.
Whereas InGaAs is known as a common semiconductor material for telecommunication window absorption, it is more expensive, has lower conductivity and a longer carrier lifetime than low-temperature-grown GaAs (LT-GaAs) [36, 38, 43, 44] . In fact, plasmon-enhanced LT-GaAs (PE-LT-GaAs) operating at 1.57 µm can outperform InGaAs-based devices, as was previously demonstrated by our group [45, 46] . In this work, nearly an order of magnitude improvement in THz generation is achieved by adding an AlAs layer below the LT-GaAs and optimizing the As content and annealing conditions.
Experiment
Figure 1(a) shows a diagram of our time-domain THz setup, which was used to characterize PCAs as THz emitters. For alignment purposes only, we relied on second-harmonic generation in a periodically poled Lithium Niobate (PPLN) crystal that was used to drive a commercial LT-GaAs photoconductive switch (BATOP, PCA-40-05-10-800-a). All devices under test were pumped with 80 femtosecond pulse width at 1570 nm wavelength (PolarOnyx -Mercury), which was ensured by implementation of double dichroic filters to eliminate the 785 nm fiber-laser pump wavelength. Figure 1 (b) is a drawing of a biased large-gap PCA under femtosecond laser pulse. We used a 30 µm long dipole antenna for all transmitters. Antennas were patterned on LT-GaAs using contact UV photolithography followed by sputter deposition of 5 nm titanium and 100 nm Gold. Conventional 5-µm-gap dipole PCAs were patterned and used for photoconductive material characterization and optimization. Additionally, closed-gap dipole antennas on the optimized material were patterned for plasmonic PCA fabrication to achieve maximum THz emission. Figure 1(c) is scanning electron microscopic (SEM) image of a slit PE-LT-GaAs PCA. 
Results and discussion
From a material growth perspective, THz emission of a LT-GaAs-based PCA operating below the semiconductor bandgap depends on three factors: annealing temperature, Gallium (Ga) to Arsenic (As) ratio, and thickness of the photoconductive material. Although more photocurrent is generated in a thick LT-GaAs material, lattice relaxation is a technical challenge in growing an extra thick LT-GaAs layer. Excessive As atoms cause tension and stress in the growing crystalline GaAs layer. With high As concentration, crystal relaxation starts at few hundred nanometers growth of the LT-GaAs layer. To find the optimum growth condition, we used simple 5 µm gap dipole antennas on various LT-GaAs substrates grown by molecular-beam epitaxy (MBE) at 226 °C to compare the onset of relaxation (i.e. maximum thickness) for each sample. Dark current, photocurrent and THz detected current of these PCAs were studied in our time-domain THz setup.
First, the effect of annealing was investigated. A 1 µm thick LT-GaAs layer was grown on SI-GaAs substrate. Thickness and As percentage of the annealed LT-GaAs layer was studied by X-ray diffraction (XRD) using a D8 Discovery Bruker XRD machine. Figure 2 (a) plots XRD peaks separation of LT-GaAs (left peak) from SI-GaAs (right peak) for different annealing temperatures. Angular separation of the peaks is proportional to the As density of the LT-GaAs layer whereas the amplitude of the left peak indicates the thickness of the LTGaAs. Comparing experimental results in Fig. 2 (b) with XRD peaks separation from the substrates in Fig. 2 (a), we found that annealing at 550°C with 0.0078 degree angular peaks separation results in maximum THz signal amplitude and minimum dark current while maintaining As incorporation. Annealing at 600 °C and beyond is too high because the As clusters evaporate out. The decay in THz signal amplitude at high annealing temperatures is attributed to the reduction of mid-gap defects due to the escape of the excess As from the LT GaAs layer. Next, we added an AlAs layer before the LT-GaAs layer while maintaining the optimized annealing conditions of the previous section. AlAs has a larger lattice constant than GaAs, which makes it possible to grow LT-GaAs with a larger lattice constant, allowing extra room for more excess As incorporation. Below bandgap light absorption in the LT-GaAs layer depends on mid-gap As defects. Thus, a rise in absorption is expected if As concentration is increased. It is noteworthy that XRD peaks separation greater than 0.025 degree was not achievable when LT-GaAs was grown directly on SI-GaAs substrate; however, when the AlAs layer was added, peaks separation as high as 0.031 degrees was achieved.
The higher AlAs bandgap energy of 2.16 eV has the additional advantages of preventing carrier diffusion into the SI-GaAs during laser exposure [47] and providing back reflection of transmitted light due to refractive index mismatch between AlAs and LT-GaAs [48] [49] [50] [51] . We used 65 nm AlAs that is less than the quarter of the excitation wavelength (inside the material) required for optimal back-reflection; however, we have found that this is the maximum thickness that allows crystalline growth of LT-GaAs on AlAs [52, 53] in our MBE.
In an absorption experiment, a UDT S380 Optometer was used to measure the transmitted optical power through LT-GaAs samples with and without AlAs isolation layer. Figure 3 shows absorption and XRD angular peaks separation of the samples pumped by our 1570 nm femtosecond laser. Absorption was calculated from 1-P s /P r , where P s is the optical power measured from LT-GaAs based samples and P r is the optical power measured from the same SI-GaAs substrate that was used to grow LT-GaAs layers (but without the LT-GaAs level). Absorption coefficient as high as 3000 cm −1 was obtained in our As-rich 600 nm thick LTGaAs/AlAs sample, which has about one third of the absorption of GaAs near the intrinsic bandgap edge [54] . In the literature, we have found absorption coefficients of up to 1200 cm −1 ; which is much lower than the optimized structure achieved here [55] . Fig. 3 . Absorption percentage of as-grown LT-GaAs/AlAs and LT-GaAs substrates with high, medium and low As concentrations and respective thicknesses. Substrates were exposed to 1570 nm wavelength and transmitted power was normalized to the power recorded from a reference SI-GaAs.
Subsequently, 5-µm-gap dipole antennas were fabricated on 500 nm thick LT-GaAs/AlAs substrates with low, medium and high arsenic concentrations. XRD peaks separations of our low, medium and high arsenic concentration LT-GaAs are 0.0252, 0.0286 and 0.0312 degrees respectively. According to LT-GaAs layer characterization [56] , we estimate excess As percentage of 0.5%, 0.58% and 0.66% for our low, medium and high LT-GaAs samples. Figure 4 compares THz current, dark current and photocurrents of the samples tested in our time-domain THz setup. Samples were biased at 20 V AC and were illuminated with 50 mW of laser power at 1570 nm wavelength. While the As-rich LT-GaAs/AlAs PCA generated maximum photocurrent, this photocurrent did not transfer to a large THz signal amplitude. The fall in THz signal may be attributed to the rise in the dark current that reduces the on-off current ratio [57] and the mobility that is inversely proportional to the number of carriers. At 1.57 µm excitation, fewer carriers are generated in comparison with 0.8 µm excitation, which would increase the collision time and mobility of the material. In fact, a trade-off between the number of photo-generated carriers and mobility is required for efficient conversion of photocurrent to THz emission. In our measurements, the annealed PCA with medium excess As material has optimum THz emission at 1570 nm excitation. In addition, a medium excess As content LT-GaAs material has less dark current and noise, which is necessary in designing broadband THz receivers. Since we discovered that medium As actually gives the best response, we decided to use a thicker LT-GaAs layer to increase absorption. The thicker layer can tolerate the medium excess As concentration. Thus, we used a 2-µm-thick LT-GaAs/AlAs photoconductive material with medium excess As concentration for PE-LT-GaAs PCA fabrication. Periodicity and gap of the slit plasmonic array structure was optimized with the goal of minimizing the optical reflection coefficient (S 11 ) from the plasmonic structure using ANSYS HFSS software. A 490 nm periodicity with 100-nm-gap slit-array structure resulted in a minimized optical reflection according to the simulation. Johnson and Christy permittivity values and Palik permittivity values were used for modeling Gold and GaAs, respectively. The imaginary part of the GaAs permittivity at the telecom wavelength window was modified based on our experimental absorption results shown in Fig. 3 .
An array of grooves was patterned through the Gold using focused ion beam (Hitachi FB-2100) to form periodic plasmonic structures. Through this process, Ga + ions imbed to a few nm depth of the LT-GaAs surface with the downside that these ions increase dark current and risk of failure at lower bias voltages. To avoid this problem, we placed samples in a diluted solution of HCL:H 2 O (1:10) for 1 minute to remove Ga + ions from the surface. Using this recipe, resistance of the plasmonic gap area was increased to 1 MΩ, allowing a bias up to 100 V AC without thermal breakdown.
We have previously shown that a tuned periodic plasmonic array maximizes the optical field coupling to the minimum depth of the substrate that results reflection as low as 8% [45] . Nano-structures also improve local electric field inside the photoconductive material where it is essential to accelerate carriers toward the conductors [46] . Plasmonic structures fill the gap area with gold that has more thermal conductivity than LT-GaAs. This will result in efficiently removing heat from the gap area allowing for operation at higher bias voltages and an extended thermal breakdown [58] . Nevertheless, the main contribution here is the effect of AlAs layer over and above the enhancement of the plasmonic structure. Figure 5 shows our experimental results, demonstrating 15 times enhancement in THz emission from PE-LT-GaAs/AlAs sample in comparison with an InGaAs commercial emitter (BATOP, PCA-40-05-10-1550-a) at 1.57 µm wavelength at their maximum rated bias. The commercial BATOP transmitter is a single layer InGaAs based photoconductive antenna with anti-reflection coating that maximizes light coupling into the material. The (BATOP, PCA-40-05-10-1550-a) model has a 5 µm gap dipole antenna that allows maximum 3 V DC bias according to its datasheet. The structure of this commercial PCA is the closest match to our devices.
The refractive index mismatch of the interface of GaAs (n 1 = 3.369) and AlAs (n 2 = 2.892) results in 22.7% back reflection into the LT-GaAs substrate and toward the reflective gold electrodes that would echo for few cycles. Comparing with a single pass scenario of the LT-GaAs on GaAs PCA, here light passes through a thicker absorptive material. The PE-LTGaAs/AlAs PCAs with 17 nA peak to peak amplitude is about 7.2 nA higher than that of the PE-LT-GaAs PCA. That makes the optical back reflection the dominant factor in improvement of signal amplitude even if a single cycle reflection from the interface and the gold electrodes is considered. Considering the similar carrier lifetime, sweep-out and noise for both the PE-LT-GaAs and PE-LT-GaAs/AlAs devices, only frequency components that have already overcame the noise floor in terms of spectral power will contribute to the bandwidth. Thus, the higher power PE-LT-GaAs/AlAs PCA has frequency components well above the noise floor resulting in an extended bandwidth up to 4.5 THz."
Here Fourier transform of 40 scans are averaged using MATLAB to obtain 75 dB dynamic range, which is 10 dB higher than a PCA without AlAs isolation layer. Each scan was 90 seconds long with 30 ms integration time. The 4.5 THz bandwidth is close to the theoretical limit (Δf = 4.4Δτ −1 where τ is the laser pulse width [59] ) of our laser and it is comparable to the highest 5 THz bandwidth of the commercially available spectroscopy systems. Wider bandwidth and larger dynamic range is also achievable if more scans are being averaged. A 90 dB dynamic range has been reported by averaging 1000 scans of the THz signals generated and captured by the PCAs featuring 100 layers of InGaAs/InAlAs with a 60 femtosecond laser [60] . PE-LT-GaAs/AlAs photoconductive antennas deliver a comparable bandwidth in a few layer structure using a less expensive material system.
Conclusion
We have improved significantly the performance of a PE-LT-GaAs PCA by adding a thin AlAs isolation layer between the LT-GaAs and SI-GaAs layers. This isolated the charge carriers, provided optical back reflection and increased As incorporation to the level that is required to maximize terahertz generation. We note that the AlAs allows for even too-large As density, which deteriorates the material response by lowering the critical crystal growth thickness and increasing the dark current. A 2 µm thick LT-GaAs/AlAs with medium As density, annealed at 550°C for 1 minute resulted in the largest THz emission and bandwidth.
The optimized plasmon-enhanced LT-GaAs PCA operating below the bandgap that outperforms a commercial InGaAs PCA by factor of 15 with 4.5 THz bandwidth and 75 dB signal-to-noise ratio.
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